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Abstract: Volatile ester compounds are important contributors to the flavor of strawberry, which
affect consumer preference. Here, the GC-MS results showed that volatile esters are the basic aroma
components of strawberry, banana, apple, pear, and peach, and the volatile esters were significantly
accumulated with the maturation of strawberry fruits. The main purpose of this study is to discuss
the relationship between carboxylesterases (CXEs) and the accumulation of volatile ester components
in strawberries. FaCXE2 and FaCXE3 were found to have the activity of hydrolyzing hexyl acetate,
Z-3-hexenyl acetate, and E-2-hexenyl acetate to the corresponding alcohols. The enzyme kinetics
results showed that FaCXE3 had the higher affinity for hexyl acetate, E-2-hexenyl acetate, and Z-3-
hexenyl acetate compared with FaCXE2. The volatile esters were mainly accumulated at the maturity
stages in strawberry fruits, less at the early stages, and the least during the following maturation
stages. The expression of FaCXE2 gradually increased with fruit ripening and the expression level of
FaCXE3 showed a decreasing trend, which suggested the complexity of the true function of CXEs.
The transient expression of FaCXE2 and FaCXE3 genes in strawberry fruits resulted in a significantly
decreased content of volatile esters, such as Z-3-hexenyl acetate, methyl hexanoate, methyl butyrate,
and other volatile esters. Taken together, FaCXE2 and FaCXE3 are indeed involved in the regulation
of the synthesis and degradation of strawberry volatile esters.

Keywords: strawberry; FaCXEs; volatile ester; carboxylesterases

1. Introduction

Strawberry (Fragaria × ananassa) is a favorite berry crop for its unique flavor and
nutritional value. Studies have shown that esters, furans, terpenes, and sulfur compounds
are the substances with the volatile characteristics of strawberries [1–3]. Among them,
4-methoxy-2,5-dimethyl-3(2H)-furanone is the characteristic volatile furanone compound
in strawberries [4–6]. Ester volatiles are the basic aroma components in apples, pears,
bananas, strawberries, and other fruits [7–9], and esters can reach up to 25–90% of the
total content of volatile substances in strawberries [7]. Volatile esters not only contribute
to the aroma level of ripe fruits, but also make flowers more attractive to pollinators and
protect plants by inducing plant defense pathways. Some common esters, such as ethyl
acetate, methyl butyrate, octyl acetate, octyl butyrate, hexyl acetate, benzyl acetate, and
hexyl 2-butyrate, were identified in strawberry fruit [10]. The most abundant esters in
cultivated strawberries are methyl butyrate, ethyl butyrate, ethyl hexanoate, etc., while the
ones that contribute more to the aroma of wild strawberries are butyl formate and octyl
acetate [8].
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The aroma components of volatile esters come from two precursors, fatty acids and
amino acids [11]. Many genes and enzymes are involved in these two metabolic pathways
(Figure 1) [12–15]. Fatty acids and general linoleic and linolenic acids are degraded by
oxidative degradation by lipoxygenase (LOX) or hydroperoxide lyase (HPL) into volatile
aldehydes, such as hexanal and Z-2-hexenal [16,17], which are then converted to alcohols
by alcohol dehydrogenase (ADH) [18]. The β-oxidation of fatty acids leads to the forma-
tion of C2 units (acetyl-CoA) [19]. In another pathway, the amino acids form aldehydes
by aminotransferase (ATF) and decarboxylase (DCX), or directly by aldehyde synthase
(ADS) [20]; aldehydes are then converted to alcohols by alcohol dehydrogenase (ADH) [15].
The last important step in the biosynthesis of volatile esters is the esterification of alcohol
with acetyl CoA by catalyzing different alcohol acyltransferases (AAT) [21], which is the
rate-limiting step (Figure 1) [22].
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sistance of Arabidopsis to Botrytis cinerea [29]. Some CXE genes are associated with the 
hydrolysis of volatile esters in plants, such as tomato (SlCXE1) [30], apple (MdCXE1) [31], 
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tate have been identified as substrates for SlCXE1 and PpCXE1. SlCXE1 has a major role 
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Figure 1. Metabolic pathway of volatile esters in strawberry. (A) Fatty acid pathway. (B) Amino
acid pathway. (C) CXE pathway. LOX, lipoxygenase; HPL, hydroperoxide lyase; ADH, alcohol
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Carboxylesterases (CXEs, EC 3.1.1.1) are hydrolytic enzymes, which structurally be-
long to the α/β hydrolase superfamily [21]. These enzymes hydrolyze short-chain fatty
acid esters and have shown powerful functions in the animal kingdom, such as neurotrans-
mission in animals [23], insecticide resistance in insects [24], and xenobiotic detoxification
in microorganisms [25], and so on, while in the plant kingdom, CXEs are originally used
only for isozyme labeling. At present, 20 carboxylesterase genes have been systematically
excavated from the genome of Arabidopsis thaliana and divided into seven groups [26]. The
physiological functions of carboxylesterases in plants have been studied. For example,
AtCXE18 and AtCXE12 are responsible for the hydrolysis of exogenous toxic substances
such as herbicides [27–29], and AtCXE8 has been shown to be involved in the resistance of
Arabidopsis to Botrytis cinerea [29]. Some CXE genes are associated with the hydrolysis
of volatile esters in plants, such as tomato (SlCXE1) [30], apple (MdCXE1) [31], peach
(PpCXE1) [32], and strawberry (FanCXE1) [33]. Hexyl acetate and E-2-hexenyl acetate
have been identified as substrates for SlCXE1 and PpCXE1. SlCXE1 has a major role in
regulating the volatile ester content of tomato fruit, and the relatively high expression of
SlCXE1 in tomato fruit leads to low acetate ester contents, which affects the overall aroma
of the fruit [30].
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In this study, we explore the key carboxylesterase family members (FaCXEs) that affect
the catabolism of volatile esters in strawberry from the perspective of bioinformatics analy-
sis, gene expression analysis, and the enzymatic characterization of carboxylesterase family
members. Our results indicate that FaCXEs have a role in controlling the esters metabolism
in strawberry fruit, which will help improve the overall flavor of popular strawberry.

2. Results
2.1. Volatile Esters Are the Basic Aroma Components in Some Fruits

The solid-phase microextraction (SPME) was used to extract the volatile aroma compo-
nents from five fruits, including monocots plant banana, dicots Rosaceae plant strawberry,
apple, pear, and peach. Then, we used a high-performance gas chromatography instrument
(7890A-5975C) to detect the volatile ester aroma components. The result showed that a total
of 57 volatile ester components were detected in five kinds of fruits, and the types of volatile
ester aroma components were great differences among the different fruits (Table 1). Hexyl
acetate, butyl butyrate, and methyl butyl caproate were detected in the five kinds of fruits.
Additionally, E-2-hexenyl acetate, hexyl butyrate, butyl acetate, and 2-methyl-1-butanol
acetate were detected in four kinds of fruits. The data indicated that volatile esters are
the basic aroma components in these five fruits. There are also some compounds which
are only observed in strawberry, such as E-2-hexenyl butyrate, Z-3-hexenyl acetate, octyl
acetate, etc. In terms of the content of each compound, the content of these components in
banana, strawberry, and apple is much higher than that in pear and peach (Figure S1).

Table 1. Content of volatile ester compounds in five kinds of fruits (ng g−1 FW).

Volatile Esters Fa Ma Md Pb Pp

1 Hexyl acetate 4270 2940 2740 39.1 166
2 Butyl butyrate 1050 5060 277 38.4 69.4
3 E-2-hexenyl acetate 1110 241 - 11.8 72.4
4 Hexyl butyrate 2550 7600 693 15.3 -
5 Butyl acetate 940 1720 1680 39.1 -
6 Methyl butyl caproate 229 525 52.3 5.82 19.5
7 2-methyl-1-butanol acetate 119 8070 4360 17.3 -
8 Butyl isovalerate 76.3 26,100 63.6 - -
9 E-2-hexenyl butyrate 1030 - - - -

10 Octyl acetate 25,500 - - - -
11 Methyl hexanoate 390 102 - 26.3 -
12 Butyl acrylate - - 30.2 53.1 64.7
13 Isobutyl acetate 143 1040 155 - -
14 Ethyl hexanoate 5230 - - 1380 3350
15 Heptyl acetate 328 11,500 - 27.9 -
16 Methyl acetate - - - 146 -
17 Ethyl acetate 613 271 - 23.1 -
18 Ethyl propanoate 59 - - - -
19 n-Propyl acetate 65.8 - 184 - -
20 Methyl butyrate 1470 - - 14.3 -
21 Methyl 2-methyl butyrate 43.6 - - - -
22 Ethyl butyrate 1760 - - - -
23 Propyl propionate - - 178 - -
24 Isopropyl butyrate 16.4 - - - -
25 2-pentyl acetate - 7170 - - -
26 Propyl butyrate 79.8 - 284 - -
27 Amyl acetate - - 283 - -
28 2-Methylbut-2-en-1-yl acetate 135 - 22 - -
29 Propyl 2-methylbutyrate - 635 160 - -
30 2-Methylbutyl isobutyrate - 40.4 - - -
31 Propyl 2-methyl butanoate - 2470 - - -
32 2-Pentanyl propanoate - - 78.3 - -
33 Isopentyl butyrate - 159 - - -
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Table 1. Cont.

Volatile Esters Fa Ma Md Pb Pp

34 Z-3-hexenyl acetate 455 - - - -
35 Isopentyl butyrate - 7380 - - -
36 Ethyl butyrate - 654 - - -
37 Hexyl 2-methylbutyrate - - 281 - -
38 Hexyl 3-methylbutyrate - 471 - - -
39 Isoamyl 2-methylbutyrate - 505 - - -
40 3-methylbut-2-enyl butanoate - 228 - - -
41 Isoamyl isovalerate - 5420 128 - -
42 Methyl caprylate 2420 - - - -
43 Ethyl 3-methylvalerate - 482 - - -
44 Methyl phenylacetate 7620 - - - -
45 Methyl salicylate - - - 10.9 87.8
46 Ethyl caprylate 4020 - - - -
47 Nonyl acetate 3550 - - - -
48 Hexyl 3-methyl butanoate - 1300 - - -
49 Pentyl hexanoate - - 22.7 - -
50 Benzyl butyrate 320 - - - -
51 Ethyl E-2-decenoate 220 - - - -
52 Octyl butyrate 1400 - - - -
53 Ethyl decanoate 991 - - - -
54 Decyl acetate 7290 - - - -
55 2-Undecyl acetate 1280 - - - -
56 Cinnamyl acetate 797 - - - -
57 Hexadecyl decanoate 625 - - - -

“-” means not detected. Fa represents strawberry; Ma represents banana; Md represents apple; Pb represents pear;
and Pp represents peach. The data are presented as mean of three duplicates in the table.

2.2. Correlation Analysis of Volatile Ester Components and Related Genes Expression during
Strawberry Development

We used GC-MS to detect the changes in the volatile aroma components in strawberry
fruits at different maturation stages (Figure 2A,B, Table S1, Figure S2). The results showed
that the content of almost all of the detected esters, except for 2-pentyl acetate compounds,
significantly increased and reached the highest level in fruit at the red stage; less at early
developmental stages; and the lowest at the middle stages of the fruit’s development. For
example, methyl hexanoate, methyl acetate, methyl butyrate, and E-2-hexenyl butyrate
were significantly detected in strawberry fruit at the maturity stages. Most alcohols did not
change as much as the lipids. As the fruit matured, many alcohols showed a slow decrease,
such as hexanol and octen-3-ol, whose content gradually decreased with the maturation of
the fruit, while linalool showed the opposite trend.

Based on the transcriptomic analysis, the expression of the genes related to the volatile
components in strawberry fruits at different maturation stages is shown in Figure 2C. The
results showed that except for hydroperoxide lyase (HPL), aldehyde synthase (ADS), and
decarboxylase (DCX), the rest of the genes were large families. The peak of the transcript
abundance of most genes such as lipoxygenase (LOX) and hydroperoxide lyase (HPL),
aminotransferase (ATF) in the amino acid pathway, aldehyde synthase (ADS), and alcohol
dehydrogenation (ADH) appeared at the early fruit developmental stages. However, DCX
in the amino acid pathway appeared at the late stages of the fruit’s maturation.

Based on the gene annotation and the conserved sequence GXSXG of the CXE members,
a total of 35 CXE members were identified from the strawberry genome website. The
expression of only 30 CXE genes was detected in the transcriptome data of strawberry fruit,
while the expression of FaCXE18, FaCXE32, FaCXE33, FaCXE34, and FaCXE35 was not
detected. The expression pattern of the strawberry CXE genes were also inconsistent in
Figure 2C. Some CXE genes showed the highest transcript abundance in fruit at the early
stages, some at the later stages, and some at the middle stages.
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Figure 2. Accumulation pattern of substances and expression of genes involved in the metabolic
pathway of volatile esters in strawberry fruits at different maturation stages. (A) Strawberry fruits at
different maturation stages. (B) Heatmap in the contents of esters, alcohols and aldehydes at different
maturation stages. (C) The expression pattern of genes involved in the metabolic pathway of aroma
substances in strawberry fruits at different maturation stages.

2.3. Identification of Carboxylesterases Involved in the Metabolism of Volatile Ester Compounds
in Strawberries

The CXE members of strawberry, apple [31], peach [34], pear, and banana plants
were screened through the genome database in this study. Additionally, the phylogenetic
tree was constructed by MEGA6.0 (Figure 3). The tree showed that the CXE members of
the above five fruits were divided into seven different groups. It has been proved that
the CXE genes, including PpCXE1 of peach [32], SlCXE1 of tomato [30], and FanCXE1 of
strawberry [33], which have the function of hydrolyzing volatile esters in fruit, were all
located in group 3. That is why the CXE genes in group three are our focus. Figure 3 shows
that the CXEs belonging to group 3 contained 17 strawberry members, 15 peach members,
7 apple members, 13 pear members, and 10 banana members. There are 14 genes from
the CXE genes of group 3 clustered on strawberry chromosome 2 to form a gene cluster.
FaCXE2 and FaCXE3, which had the most abundant transcripts in group 3, were selected
for a further cloning, protein expression, and enzymatic analysis.
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Figure 3. Phylogenetic tree of CXE genes from the five plants. Fa represents strawberry; Ma represents
banana; Md represents apple; Pb represents pear; and Pp represents peach. The phylogenetic tree
was constructed using the full-length amino acid sequences of selected CXEs by NJ methods. All
CXEs from the five plants, including strawberry, banana, apple, pear, and peach were classified into
7 groups. The function of FaCXEs, marked with red asterisks, were identified in this study. The
function of FaCXE27 (FanCXE1), marked with green asterisk, was identified in earlier study [33].
Red, green and blue asterisks denote the FaCXE genes selected for expression.

FaCXE2 and FaCXE3 were cloned using strawberry green fruit cDNA as a template.
The specific primers are listed in Table S3. FaCXE2 and FaCXE3 were introduced into the
heterologous expression vector pRSF-duet and then transferred to the Escherichia coli strain
BL21 (DE3) for the protein induction and expression. Then, the fusion proteins were puri-
fied by affinity chromatography. The SDS-PAGE analysis showed that the molecular weight
of the fusion proteins was approximately 35 to 40 KDa, which was basically consistent with
the predicted results by ExPASy ProtParam.

To explore the natural substrates of FaCXE2 and FaCXE3, SPE technology was used
to isolate and extract the volatile esters contained in strawberry fruits at the red stage,
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and then the purified recombinant protein was used for an incubation reaction with these
substances. The strawberry volatile esters which were detected were used as the reaction
substrates. The contents of some esters such as hexyl acetate, E-2-hexenyl acetate and
methyl hexanoate, Z-3-hexenyl acetate, etc., reduced significantly. However, the contents
of the aldehydes, including hexanal and nonanal, were basically unchanged. These results
indicate that hexyl acetate, E-2-hexenyl acetate and methyl hexanoate, and Z-3-hexenyl
acetate may be the natural substrates of FaCXE2 and FaCXE3 (Figure 4).
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Figure 4. Hydrolysis analysis of volatile substances extracted from strawberry fruit by recombinant
FaCXE2 and FaCXE3 proteins. The volatile compounds extracted from strawberry red fruit (SPE)
were used as the substrate, and the recombinant FaCXEs were used as the enzyme. The controls (CK)
were treated with boiled recombinant protein. Numbers represent ratio of volatiles in the hydrolysis
assays compared with the controls, “-” means not detected. All data are presented as mean of three
biological replicates.



Int. J. Mol. Sci. 2023, 24, 383 8 of 16

We further used hexyl acetate, E-2-hexenyl acetate, and Z-3-hexenyl acetate as sub-
strates, and employed GC-MS to analyze the enzymatic products of rFaCXE2 and rFaCXE3.
The corresponding products were detected in each recombinant protein reaction, which
hydrolyzed hexyl acetate, E-2-hexenyl acetate, and Z-3-hexenyl acetate to 1-hexanol, E-2-
hexenol, and Z-3-hexenol (Figure 5).
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Figure 5. Enzyme activity analysis of rFaCXE2 and rFaCXE3. (A–C) The hydrolysis activities of
FaCXEs using hexyl acetate, E-hexenyl acetate, and Z-3-hexenyl acetate as substrates. (D) Chemistry
structural formulas and MS/MS profiles of three substrates and three products.

To further investigate the hydrolysis activity of the volatile esters of FaCXE2 and
FaCXE3, the enzyme kinetics of the recombinant proteins were also analyzed (Table 2). The
results showed that the affinity of FaCXE3 for each substrate was much greater than that
of FaCXE2. The substrates affinity (Km) of FaCXE3 for hexyl acetate, E-2-hexenyl acetate,
and Z-3-hexenyl acetate were 0.84, 0.98, and 0.95 mM, respectively. While rFaCXE2 had the
highest affinity for E-2-Hexenyl acetate (1.04 mM).

Table 2. Enzymatic kinetic analysis of FaCXEs recombinant proteins.

rFaCXE2 rFaCXE3

Substrates Km (mM) Vmax
(pKat µg−1)

Vmax/Km
(pKat µg−1 mM−1) Km (mM) Vmax

(pKat µg−1)
Vmax/Km

(pKat µg−1 mM−1)

Hexyl acetate 10.93 ± 0.84 129.00 ± 7.11 11.80 ± 1.04 0.84 ± 0.07 20.10 ± 2.35 24.00 ± 1.75
E-2-Hexenyl acetate 1.04 ± 0.05 5.46 ± 0.47 5.24 ± 0.22 0.98 ± 0.11 13.60 ± 1.21 13.80 ± 1.53
Z-3-Hexenyl acetate 2.50 ± 0.13 12.50 ± 1.21 5.00 ± 0.32 0.95 ± 0.05 18.50 ± 1.69 19.50 ± 2.03

The data are presented as mean ± SE.
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2.4. Expression Pattern of FaCXEs in Strawberry Fruits

The above results showed that the recombinant FaCXE2 and FaCXE3 had an activity
of hydrolyzing acetate esters in vitro. So, which is the key gene involved in the regulation
of the volatile esters in fruit? Based on the transcriptome data (Figure 6), the expression
levels of some genes were significantly lower than other genes, such as FaCXE12, FaCXE14,
and FaCXE31, while the expression levels of some genes such as FaCXE2 and FaCXE27
(FanCXE1) were higher than others at the last two stages of maturation (T and R). The
expression trends of FaCXE2, FaCXE3, and FaCXE27 during fruit maturation are also
different. The expression of FaCXE2 gradually increased with the fruit maturation, the
expression level of FaCXE3 showed a decreasing trend, and the expression level of FaCXE27
decreased firstly and then increased. These results indicate the complexity of the true
function of CXEs.
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2.5. Transient Overexpression of FaCXEs in Strawberry Fruit

To further validate the functional differences of the two FaCXEs in vivo, FaCXE2
and FaCXE3 were overexpressed by a transient expression technique in strawberry fruits
(Figure 7). After the transient overexpression of FaCXE2 and FaCXE3, the contents of
Z-3-hexenyl acetate, methyl hexanoate, and methyl butyrate were decreased in transgenic
fruits relative to the mock controls. When the two genes were compared horizontally, the
result showed that the overexpression of FaCXE3 and the overexpression of FaCXE2 had
a 2–4 folds difference in the reduction in the same ester in the fruit, and the activity of
FaCXE3 was higher.
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The above results show that FaCXEs play an important role in the content of volatile
esters in strawberry fruit, but only from the perspective of a transient expression. More
research is needed for a stable expression.

3. Discussion

Volatile esters play a very important role in higher plants. They make flowers more
attractive to pollinators and dispersing animals [35–38], act as protectants against pathogens
by inducing several important plant defense pathways [39,40], and contribute to the aroma
of ripe fruits [41,42]. These compounds are produced by all berry varieties during the
ripening process and play a key role in determining the final organoleptic quality of the
fruit. In fruits including apples, pears, and bananas, esters are the main components of their
characteristic aroma [12,43–45]. However, in strawberries, esters have a mixing effect on the
volatiles that constitute the aroma, thereby affecting the quality of the strawberry [46,47].

CXEs in the plant kingdom are regarded as a superfamily of proteins [48]. The research
on the physiological functions of the CXE family first began in the model plant Arabidopsis
thaliana [26]. The CXE family is divided into seven groups, and it appears that the CXEs
of each subgroup have different functions. For example, the second group is involved
in plant–pathogen interactions and the carboxylesterases involved in the degradation of
volatile esters are mostly distributed in the third group [32].

Ester aromatic substances refer to compounds containing ester (-COO-) functional
groups in a chemical structure which are formed by the dehydration of hydroxyl (-OH)
and carboxyl (-COOH) groups [47,49]. Volatile ester substances are also divided into two
types: one is linear esters and the other is branched esters [50]. There are also differences in
the composition of ester volatiles in different kinds of fruits. Most of the banana fruits are
linear esters, such as butyl acetate and ethyl butyrate and branched esters such as isoamyl
acetate [51]. Linear esters such as butyl acetate, ethyl acetate, and hexyl acetate in strawber-
ries are important aroma substances [52]. Our analysis found that hexyl acetate, methyl
butyl caproate, and butyl butyrate were detected in all five fruits including strawberry,
apple, pear, peach, and banana (Table 1). These results suggest that volatile esters are the
basic aroma components.
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In different animals or plants, some carboxylesterases have a high specificity, acting
only at a very high rate for specific substrates (e.g., acetylcholine) [53], while others can
hydrolyze a wide range of substrates [54]. The CXEs involved in regulating the volatile
ester contents are being reported, and most of the substrates belong to the acetates. The
MdCXE1 recombinant protein could hydrolyze a range of 4-methyl umbelliferyl esters [31].
The functions of SlCXE1 from tomatoes [30] and PpCXE1 from peaches [32] were also
confirmed to hydrolyze acetate esters. In addition to acetate esters, the reported strawberry
FanCXE1 could also decompose butyrate and hexanoate esters. In this study, we analyzed
the CXE family of strawberry and found that the CXEs in group 3 were clustered on the
chromosomes. When we used strawberry extract as a substrate, the results showed that the
FaCXEs of strawberry were not only limited to hydrolyze acetate esters, but also had the
ability to hydrolyze other types of esters, such as methyl hexanoate, 2-hexenyl butyrate,
etc. (Figure 4). The function of FaCXEs were similar to that of FanCXE1, as previously
reported [33].

Exploring the regulation mechanism of the volatile esters in strawberry fruit from the
synthesis and hydrolysis provides a more comprehensive perspective for understanding
the formation and regulation of the fruit quality and provides an important theoretical basis
for improving the aromatic quality of strawberry fruit by molecular breeding technology.
In the future, we will further investigate the effect of these CXE genes on the flavor quality
of strawberry fruit by an RNA interference (RNAi).

4. Materials and Methods
4.1. Material

The strawberry (Fragaria × ananassa) fruits, including Christmas Red, Wanxiang,
Suizhu, etc., in this study were collected from the Strawberry Germplasm Resource Garden
of Anhui Agricultural University. Banana (Musa acuminata), apple (Malus domestica), pear
(Pyrus bretschneideri), and peach (Prunus persica) samples were purchased from the market.
Benihoppe fruit samples at different maturation stages, including small green fruit (SG),
mid-sized green fruit (MG), big green fruit (BG), white fruit (W), turning fruit (T), and red
fruit (R), were harvested at 9, 14, 18, 21, 24, and 30 days after flowering, respectively.

4.2. Preparation and Detection of Fruit Volatile Extracts

The volatile aroma compounds from the fruits, including strawberry, banana, apple,
pear, and peach, were analyzed by headspace solid-phase microextraction (SPME). First,
the five fruits, including strawberry, banana, apple, pear, and peach, were ground into
powder in liquid nitrogen, respectively. Subsequently, 6 g of power was poured into a
100 mL headspace solid phase bottle and then 50 µL of cyclohexanol was added as the
internal standard and 2 g of NaCl was added to promote the full volatilization of the
substances. The mixtures were incubated at 50 ◦C for 10 min. The volatiles were collected
by a 50/30 µm polydimethylsiloxane and divinylbenzene (DVB/CARBOXEN-PDMS) fiber,
which was aged for 2 h at 250 ◦C, then the needle was inserted into the headspace solid
phase bottle and extracted at 50 ◦C for 50 min. The extraction fiber was desorbed in a gas
chromatograph injection port at 250 ◦C for 5 min (Aglient GC-MS 7890A-5975C, Agilent,
CA, USA).

The mass spectrometry conditions: the chromatographic column was a DB-5MS
capillary column, the carrier gas was helium (He) (purity 99.999%), the flow rate was
1.2 mL·min−1, and the sample port temperature was 250 ◦C. The temperature program:
the initial temperature was 40 ◦C and held for 3 min and raised to 100 ◦C at 3 ◦C·min−1

and held for 3 min, and then to 245 ◦C at 5 ◦C·min−1. The injection method was in
splitless mode.

The calculation method: 1© the mass of the internal standard was calculated as follows:
m1 = internal standard density× internal standard volume = 0.9624 g/mL × 0.05 mL = 0.04812 g;
2© the mass of the internal standard was added in each independent experiment:

m2 = m1·dilution factor = 0.04812 g 5 × 10−4 = 2.406 × 10−5 g; 3© the mass of the product
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was calculated: mx = m2·product peak area/internal standard peak area; and 4© the relative
mass of the product was obtained: m = mx/powder mass = mx/6 g.

4.3. Bioinformatic Analysis of CXE Genes Family

The CXE genes of strawberry and apple were identified by Souleyre et al. [31]. Peach
CXE genes were identified previously by Zhang et al. [34]. Pear and banana CXE genes
were searched from the National Center for Biotechnology Information database (NCBI,
https://www.ncbi.nlm.nih.gov/) (accessed on 10 September 2022).

The phylogenetic tree was constructed using MEGA 6.0 software by a neighbor-joining
method with 1000 bootstrap replications. The accession numbers of these CXE genes were
listed in Table S2. The molecular weight of the FaCXEs were predicted by the ExPASy
ProtParam (http://web.expasy.org/protparam/) (accessed on 25 November 2020) [55].

4.4. Expression Analysis of CXE Genes

The total RNA from strawberry fruits was isolated using an RNAprep Pure Plant
Kit (Polysaccharides and Polyphenolics-rich) (TIANGEN, Beijing, China) according to
the manufacture’s protocol. The quantity of the total RNA was measured on an SMA
4000 UV-VIS spectrophotometer (Merinton, Beijing, China), and the quality of the total
RNA was detected by 1.2% gel electrophoresis. The first-strand cDNA was synthesized
according to the manufacture’s instruction by using a PrimeScript RT Reagent Kit (Takara,
Dalian, China). The obtained cDNA was stored at −20 ◦C until its use. Strawberry fruits at
different developmental stages were collected and their RNA was extracted. cDNA libraries
for the DNBSEQ platform at BGI were constructed by following the method previously
described [56]. The FPKM values of the transcripts were calculated to analyze the expression
level of the genes at different fruit stages. RT-qPCR was performed using SYBR Green
Supermix Kit on a CFX96 instrument (Bio-Rad, CA, USA). A real-time quantitative PCR
(RT-qPCR) reaction system with a volume of 20 µL consisted of 10 µL of SYBR Green
Supermix, 0.8 µL specific primers (10 µM), 200 ng cDNA templates of strawberry fruits at
different stages, and RNase free-H2O. The reaction program for the qPCR was: 95 ◦C for
3 min, 40 cycles of 95 ◦C for 30 s, 60 ◦C for 30 s, and 72 ◦C for 20 s, and then a melting curve
analysis from 65 to 95 ◦C. Three biological replicates for different stages in strawberry fruits
were analyzed. The primers used for the RT-qPCR are listed in Table S3.

4.5. Cloning of FaCXE Genes

The specific primers (Table S3) were designed to amplify the open reading frames
(ORFs) of FaCXEs using Phusion high-fidelity polymerase (Thermo Scientific, Vilnius,
Lithuania) following the manufacture’s protocol. The PCR program was as follows: 98 ◦C
for 3 min, followed by 30 cycles of 98 ◦C for 30 s, 62 ◦C for 30 s, 72 ◦C for 1 min, and
then an extension at 72 ◦C for 10 min. The PCR products were purified from gel and then
introduced into a pEASY blunt-simple vector (Transgen, Beijing, China) for sequencing.

4.6. Construction of Prokaryotic Expression Vector and Expression of Recombinant Proteins

The ORFs of the FaCXEs were inserted into the pRSF-Duet expression vector with 6x
His-tag, and then transferred into the Escherichia coli strain BL21 (Transgen, Beijing, China).
The empty vector pRSF-Duet, used as the control, was also transferred into the strain BL21.

The positive cells with FaCXEs and the empty vector were picked, respectively, and
then cultured in 200 mL of a Luria–Bertani (LB) liquid medium containing 50 mg/L
of kanamycin in a 37 ◦C incubator at 220 rpm. When the density of the bacterial cells
approximately reached 0.6 at 600 nm, 180 µL of isopropyl β-D-thiogalactopyranoside
(IPTG) (1 M) was added to the cultures. After the induction of the culture for 24 h at 16 ◦C,
the cells were collected by centrifugation at 4 ◦C at 6000× g for 10 min. Recombinant CXE
proteins and His protein were purified by affinity chromatography. The molecular weight
of the purified proteins was analyzed by SDS-PAGE.

https://www.ncbi.nlm.nih.gov/
http://web.expasy.org/protparam/
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The recombinant CXEs activities and kinetics. The detection of the enzyme’s activities
was carried out using strawberry aroma extracts as the substrate. The fruit volatiles were
extracted by a solid phase extraction (SPE) method. Accurately, 6 g of powdered fruit,
which was freeze-dried, was transferred to a conical flask with a stopper and 160 mL of
pure water at 100 ◦C was added to incubate for 10 min, and then the fruit extracts were
filtered out. After cooling, the extracts were transferred to a separatory funnel, then 40 mL
of extraction solvents (80% pentane and 20% MTBE) was added and homogenized. After
standing, the supernatant was pipetted into a tube. The remaining residues were repeatedly
extracted twice. These supernatants were centrifuged at 10,000× g for 10 min and then
pooled together in a new tube. The extracts were dried by adding anhydrous sodium
sulfate and concentrated to 1 mL using a nitrogen blower. The concentrated extracts were
passed through an SPE column to remove the impurities. The concentrated extracts were
slowly added through the SPE column, which was firstly activated with 6 mL of the eluents
(50% pentane and 50% MTBE). Then, the flask containing the concentrates was repeatedly
rinsed with 10 mL of the eluents and the mixtures were added through the SPE column
again. The solution was collected and concentrated to 200 µL and then sealed until use.

The FaCXEs activity assays were conducted in a 400 µL enzyme reaction system which
consisted of 20 µL of strawberry aroma extracts, 20 µg of purified protein, and 100 mM of
Tris-HCl buffer (pH 7.5). The reaction mixtures were incubated at 30 ◦C in a water bath
for 30 min, then a 50/30 µm DVB/CARBOXEN-PDMS extraction needle was inserted
into the headspace of the solid phase bottle. After extraction for 30 min, the reaction
products were identified by GC-MS. The detection method of the GC-MS was the same as
the above method.

The enzyme activity analyses of the recombinant FaCXE proteins were performed
using hexyl acetate, Z-3-hexenyl acetate, and E-2-hexenyl acetate as the substrates. A
400 µL reaction mix which contained 2 µL of 10 mM volatile ester substrates (hexyl acetate,
Z-3-hexenyl acetate, and E-2-hexenyl acetate), 10 µg of purified protein, and 100 mM of
Tris-HCl buffer (pH 7.5). The mixtures were incubated at 30 ◦C for 30 min and were then
extracted with the same volume of hexane. The extracts were detected using GC-MS.

Enzyme kinetic analysis. The enzyme reaction rates were analyzed at different sub-
strate concentrations. The contents of the different products were estimated using stan-
dard curves. The Km values for the different substrates were calculated using double-
reciprocal curves.

4.7. Construction of Binary Vectors and Transient Overexpression in Strawberry Fruits

The ORFs of FaCXE2 and FaCXE3 were constructed into the pCB2004 binary vector
by the Gateway Cloning system (Invitrogen, CA, USA), as reported previously. Briefly,
the FaCXEs with an attB linker sequence were cloned into the entry vectors pDONR207.
After the sequence confirmation, the Gateway vectors pCB2004 were used to construct
the binary vectors, respectively, named pCB2004-FaCXE2 and pCB2004-FaCXE3. FaCXE2
and FaCXE3 were driven by the 35S promoter. Subsequently, these expression vectors and
pCB2004 empty vector were transformed into A. tumefaciens (GV3101) by electroporation.
The transient overexpression of strawberry was performed using the positive GV3101 strain
carrying the pCB2004-FaCXEs plasmids. The GV3101 containing the pCB2004 empty vector
was used as a control.

The transient transformation of strawberries. The strawberry fruits at the white
stage were injected by A. tumefaciens carrying a pCB2004-FaCXE2, pCB2004-FaCXE3, and
pCB2004 empty vector, respectively. The A. tumefaciens suspension was injected into the
fruits from the strawberry pedicle. Two to four days after the injection, these fruits were
harvested and stored at −80 ◦C for the analysis of the volatile aroma’s components. More
than 10 strawberry fruits were used in the detection of volatiles. Three biological replicates
were completed in this assay.



Int. J. Mol. Sci. 2023, 24, 383 14 of 16

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24010383/s1.

Author Contributions: L.G. and T.X. conceived and designed the study. L.G. and L.Z. drafted the
manuscript. L.Z., K.Z. and M.W. performed the experiments. M.W., K.Z., R.L. and X.D. contributed
reagents/materials/analysis tools. L.Z., M.W. and R.L. analyzed the data. X.D., Y.L. and X.J. modified
the language of the paper. L.Z. and K.Z. contributed equally to this work. All authors read and
approved the final version of the manuscript.

Funding: This research was funded by the Natural Science Foundation of China (funding number
31870676, 32072621 and U21A20232) and the National Key Research and Development Program of
China (funding number 2018YFD1000601).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available from the author.

Acknowledgments: We thank all the students for assisting with the collection and processing of data.
We are grateful to the reviewers for their helpful suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zabetakis, I.; Holden, M.A. Strawberry flavor: Analysis and biosynthesis. J. Sci. Food Agric. 1997, 74, 421–434. [CrossRef]
2. Larsen, M.; Poll, L. Odour thresholds of some important aroma compounds in raspberries. Z. Lebensm.-Unters. Forsch. 1990, 191,

129–131. [CrossRef]
3. Schieberle, P.; Hofmann, T. Evaluation of the character impact odorants in fresh strawberry juice by quantitative measurements

and sensory studies on model mixtures. J. Agric. Food Chem. 1997, 45, 227–232. [CrossRef]
4. Maarse, H. Volatile compounds in foods and beverages. Food Sci. Technol. 1991, 246, 514–518.
5. Willhalm, B.S.M.; Thomas, A.F. 2,5-Dimethyl-4-hydroxy-2,3-dihydrofuran-3-one. Chem. Ind. 1965, 38, 1629–1630.
6. Du, X.; Plotto, A.; Baldwin, E.; Rouseff, R. Evaluation of volatiles from two subtropical strawberry cultivars using GC-olfactometry,

GC-MS odor activity values, and sensory analysis. J. Agric. Food Chem. 2011, 59, 12569–12577. [CrossRef]
7. Jetti, R.R.; Yang, E.; Kurnianta, A.; Finn, C.; Qian, M.C. Quantification of selected aroma-ative compounds in strawberries by

headspace solid-phase microextraction gas chromatography and correlation with sensory descriptive analysis. J. Food Sci. 2007,
72, S487–S496. [CrossRef]

8. Dong, J.; Zhang, Y.; Tang, X.; Jin, W.; Han, Z. Differences in volatile ester composition between Fragaria × ananassa and F. vesca
and implications for strawberry aroma patterns. Sci. Hortic. 2013, 150, 47–53. [CrossRef]

9. Manríquez, D.; El-Sharkawy, I.; Flores, F.B.; El-Yahyaoui, F.; Regad, F.; Bouzayen, M.; Latché, A.; Pech, J.C. Two highly divergent
alcohol dehydrogenases of melon exhibit fruit ripening-specific expression and distinct biochemical characteristics. Plant Mol.
Biol. 2006, 61, 675–685. [CrossRef]

10. Hirvi, T.; Honkanen, E. The volatiles of two new strawberry cultivars, ‘Annelie’ and ‘Alaska Pioneer’, obtained by backcrossing
of cultivated strawberries with wild strawberries, fragaria vesca, rugen and fragaria virginiana. Z. Lebensm.-Unters. Forsch. 1982,
175, 113–116. [CrossRef]

11. Wyllie, S.G.; Leach, D.N.; Nonhebel, H.N.; Lusunzi, I. Biochemical pathways for the formation of esters in ripening fruit. In
Flavour Science; Woodhead Publishing: Cambridge, UK, 1996.

12. Schaffer, R.J.; Friel, E.N.; Souleyre, E.J.; Bolitho, K.; Thodey, K.; Ledger, S.; Bowen, J.H.; Ma, J.H.; Nain, B.; Cohen, D.; et al. A
genomics approach reveals that aroma production in apple is controlled by ethylene predominantly at the final step in each
biosynthetic pathway. Plant Physiol. 2007, 144, 1899–1912. [CrossRef] [PubMed]

13. Matsui, K.; Fukutomi, S.; Wilkinson, J.; Hiatt, B.; Knauf, V.; Kajwara, T. Effect of overexpression of fatty acid 9-hydroperoxide
lyase in tomatoes (Lycopersicon esculentum Mill.). J. Agric. Food Chem. 2001, 49, 5418–5424. [CrossRef] [PubMed]

14. González-Agüero, M.; Troncoso, S.; Gudenschwager, O.; Campos-Vargas, R.; Moya-León, M.A.; Defilippi, B.G. Differential
expression levels of aroma-related genes during ripening of apricot (Prunus armeniaca L.). Plant Physiol. Biochem. 2009, 47, 435–440.
[CrossRef] [PubMed]

15. Perez, A.G.; Rios, J.J.; Sanz, C.; Olias, J.M. Aroma Components and Free Amino Acids in Strawberry Variety Chandler during
Ripening. J. Agric. Food Chem. 1992, 40, 2232. [CrossRef]

16. Leone, A.; Bleve-Zacheo, T.; Gerardi, C.; Melillo, M.T.; Leo, L.; Zacheo, G. Lipoxygenase involvement in ripening strawberry.
J. Agric. Food Chem. 2006, 54, 6835–6844. [CrossRef] [PubMed]

17. Ozcan, G.; Barringer, S. Effect of enzymes on strawberry volatiles during storage, at different ripeness level, in different cultivars,
and during eating. J. Food Sci. 2015, 76, 324–333. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms24010383/s1
https://www.mdpi.com/article/10.3390/ijms24010383/s1
http://doi.org/10.1002/(SICI)1097-0010(199708)74:4&lt;421::AID-JSFA817&gt;3.0.CO;2-6
http://doi.org/10.1007/BF01202638
http://doi.org/10.1021/jf960366o
http://doi.org/10.1021/jf2030924
http://doi.org/10.1111/j.1750-3841.2007.00445.x
http://doi.org/10.1016/j.scienta.2012.11.001
http://doi.org/10.1007/s11103-006-0040-9
http://doi.org/10.1007/BF01135046
http://doi.org/10.1104/pp.106.093765
http://www.ncbi.nlm.nih.gov/pubmed/17556515
http://doi.org/10.1021/jf010607e
http://www.ncbi.nlm.nih.gov/pubmed/11714337
http://doi.org/10.1016/j.plaphy.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19233665
http://doi.org/10.1021/jf00023a036
http://doi.org/10.1021/jf061457g
http://www.ncbi.nlm.nih.gov/pubmed/16939347
http://doi.org/10.1111/j.1750-3841.2010.01999.x


Int. J. Mol. Sci. 2023, 24, 383 15 of 16

18. Koutsompogeras, P.; Kyriacou, A.; Zabetakis, I. Characterizing NAD-dependent alcohol dehydrogenase enzymes of methylobac-
terium extorquens and strawberry (Fragaria × ananassa cv. Elsanta). J. Agric. Food Chem. 2006, 54, 235–242. [CrossRef]

19. Goepfert, S.; Poirier, Y. β-Oxidation in fatty acid degradation and beyond. Curr. Opin. Plant Biol. 2007, 10, 245–251. [CrossRef]
20. Tressl, R.; Drawert, F. Biogenesis of Banana Volatiles. J. Agric. Food Chem. 1973, 21, 560–565. [CrossRef]
21. Olias, J.M.; Sanz, C.; Rios, J.J.; Pérez, A.G. Substrate Specificity of Alcohol Acyltransferase from Strawberry and Banana Fruits.

ACS Natl. Meet. Book Abstr. 1995, 596, 134–141.
22. Pérez, A.G.; Olías, R.; Luaces, P.; Sanz, C. Biosynthesis of strawberry aroma compounds through amino acid metabolism. J. Agric.

Food Chem. 2002, 50, 4037–4042. [CrossRef] [PubMed]
23. Taylor, P.; Radic, Z. The cholinesterases: From genes to proteins. Annu. Rev. Pharmacol. Toxicol. 1994, 34, 281–320. [CrossRef]

[PubMed]
24. Hemingway, J. The molecular basis of two contrasting metabolic mechanisms of insecticide resistance. Insect Biochem. Mol. Biol.

2000, 30, 1009–1015. [CrossRef] [PubMed]
25. Turner, J.M.; Larsen, N.A.; Basran, A.; Barbas, C.F.; Bruce, N.C.; Wilson, I.A.; Lerner, R.A. Biochemical characterization and

structural analysis of a highly proficient cocaine esterase. Biochemistry 2002, 41, 12297–12307. [CrossRef] [PubMed]
26. Marshall, S.D.; Putterill, J.J.; Plummer, K.M.; Newcomb, R.D. The carboxylesterase gene family from Arabidopsis thaliana. J. Mol.

Evol. 2003, 57, 487–500. [PubMed]
27. Cummins, I.; Landrum, M.; Steel, P.G.; Edwards, R. Structure activity studies with xenobiotic substrates using carboxylesterases

isolated from Arabidopsis thaliana. Phytochemistry 2007, 68, 811–818. [CrossRef]
28. Gershater, M.C.; Cummins, I.; Edwards, R. Role of a carboxylesterase in herbicide bioactivation in Arabidopsis thaliana. J. Biol.

Chem. 2007, 282, 21460–21466. [CrossRef]
29. Lee, S.; Hwang, S.; Seo, Y.W.; Jeon, W.B.; Oh, B.J. Molecular characterization of the AtCXE8 gene, which promotes resistance to

Botrytis cinerea infection. Plant Biotechnol. Rep. 2012, 7, 109–119. [CrossRef]
30. Goulet, C.; Mageroy, M.H.; Lam, N.B.; Floystad, A.; Tieman, D.M.; Klee, H.J. Role of an esterase in flavor volatile variation within

the tomato clade. Proc. Natl. Acad. Sci. USA 2012, 109, 19009–19014. [CrossRef]
31. Souleyre, E.J.; Marshall, S.D.; Oakeshott, J.G.; Russell, R.J.; Plummer, K.M.; Newcomb, R.D. Biochemical characterisation of

MdCXE1, a carboxylesterase from apple that is expressed during fruit ripening. Phytochemistry 2011, 72, 564–571. [CrossRef]
32. Cao, X.; Xie, K.; Duan, W.; Zhu, Y.; Liu, M.; Chen, K.; Klee, H.; Zhang, B. Peach carboxylesterase PpCXE1 is associated with

catabolism of volatile esters. J. Agric. Food Chem. 2019, 67, 5189–5196. [CrossRef] [PubMed]
33. Rivas, F.J.M.; Blanco-Portales, R.; Moyano, E.; Alseekh, S.; Caballero, J.L.; Schwab, W.; Fernie, A.R.; Muñoz-Blanco, J.; Molina-

Hidalgo, F.J. Strawberry fruit FanCXE1 carboxylesterase is involved in the catabolism of volatile esters during the ripening
process. Hortic. Res. 2022, 9, uhac095. [CrossRef] [PubMed]

34. Cao, X.; Duan, W.; Wei, C.; Chen, K.; Grierson, D.; Zhang, B. Genome-Wide Identification and Functional Analysis of Car-
boxylesterase and Methylesterase Gene Families in Peach (Prunus persica L. Batsch). Front. Plant Sci. 2019, 10, 1511. [CrossRef]

35. Solís-Montero, L.; Cáceres-García, S.; Alavez-Rosas, D.; García-Crisóstomo, J.F.; Vega-Polanco, M.; Grajales-Conesa, J.;
Cruz-López, L. Pollinator Preferences for Floral Volatiles Emitted by Dimorphic Anthers of a Buzz-Pollinated Herb. J. Chem. Ecol.
2018, 44, 1058–1067. [CrossRef] [PubMed]

36. Schiestl, F.P. The evolution of floral scent and insect chemical communication. Ecol. Lett. 2010, 13, 643–656. [CrossRef]
37. Zhang, J.; Liu, C.C.; Yan, S.W.; Liu, Y.; Guo, M.B.; Dong, S.L.; Wang, G.R. An odorant receptor from the common cutworm

(Spodoptera litura) exclusively tuned to the important plant volatile cis-3-Hexenyl acetate. Insect Mol. Biol. 2013, 22, 424–432.
[CrossRef]

38. Yan, S.W.; Zhang, J.; Liu, Y.; Li, G.Q.; Wang, G.R. An olfactory receptor from Apolygus lucorum (Meyer-Dur) mainly tuned to
volatiles from flowering host plants. J. Insect Physiol. 2015, 79, 36–41. [CrossRef]

39. Engelberth, J.; Alborn, H.T.; Schmelz, E.A.; Tumlinson, J.H. Airborne herbivore signals attack prime plants against insect. Proc.
Natl. Acad. Sci. USA 2004, 101, 1781–1785. [CrossRef]

40. De Moraes, C.M.; Mescher, M.C.; Tumlinson, J.H. Caterpillar-induced nocturnal plant volatiles repel conspecific females. Nature
2001, 410, 577–580. [CrossRef]

41. Yan, J.W.; Ban, Z.J.; Lu, H.Y.; Li, D.; Poverenov, E.; Luo, Z.S.; Li, L. The aroma volatile repertoire in strawberry fruit: A review.
J. Sci. Food Agric. 2018, 98, 4395–4402. [CrossRef]

42. Li, D.; Han, D.; Zhang, H.; Zhang, C.; Li, M.; Wang, Y. Analysis of Aroma Volatile Compounds in Fuji Apple Using SPME with
Different Fiber Coatings. Agric. Biotechnol. 2020, 9, 82–86.

43. Shiota, H. Changes in the volatile composition of La France pear during maturation. J. Sci. Food Agric. 1990, 52, 421–429.
[CrossRef]

44. Defilippi, B.G.; Dandekar, A.M.; Kader, A.A. Relationship of ethylene biosynthesis to volatile production, related enzymes, and
precursor availability in apple peel and flesh tissues. J. Agric. Food. Chem. 2005, 53, 3133–3141. [CrossRef] [PubMed]

45. Dong, T.; Chen, X.J.; Wang, M.; Huang, Y.H.; Yi, G.J. Comparison of volatile aroma compounds in Dwarf Cavendish banana
(Musa spp. AAA) grown under organic or traditional cultivation. J. Hortic. Sci. Biotechnol. 2014, 89, 441–447. [CrossRef]

46. Fan, Z.; Hasing, T.; Johnson, T.S.; Garner, D.M.; Schwieterman, M.L.; Barbey, C.R.; Colquhoun, T.A.; Sims, C.A.; Resende, M.F.;
Whitaker, V.M. Strawberry sweetness and consumer preference are enhanced by specific volatile compounds. Hortic. Res. 2021, 8,
870–884.

http://doi.org/10.1021/jf0516033
http://doi.org/10.1016/j.pbi.2007.04.007
http://doi.org/10.1021/jf60188a031
http://doi.org/10.1021/jf011465r
http://www.ncbi.nlm.nih.gov/pubmed/12083879
http://doi.org/10.1146/annurev.pa.34.040194.001433
http://www.ncbi.nlm.nih.gov/pubmed/8042853
http://doi.org/10.1016/S0965-1748(00)00079-5
http://www.ncbi.nlm.nih.gov/pubmed/10989287
http://doi.org/10.1021/bi026131p
http://www.ncbi.nlm.nih.gov/pubmed/12369817
http://www.ncbi.nlm.nih.gov/pubmed/14738307
http://doi.org/10.1016/j.phytochem.2006.12.014
http://doi.org/10.1074/jbc.M701985200
http://doi.org/10.1007/s11816-012-0253-0
http://doi.org/10.1073/pnas.1216515109
http://doi.org/10.1016/j.phytochem.2011.01.020
http://doi.org/10.1021/acs.jafc.9b01166
http://www.ncbi.nlm.nih.gov/pubmed/30997798
http://doi.org/10.1093/hr/uhac095
http://www.ncbi.nlm.nih.gov/pubmed/35795396
http://doi.org/10.3389/fpls.2019.01511
http://doi.org/10.1007/s10886-018-1014-5
http://www.ncbi.nlm.nih.gov/pubmed/30191434
http://doi.org/10.1111/j.1461-0248.2010.01451.x
http://doi.org/10.1111/imb.12033
http://doi.org/10.1016/j.jinsphys.2015.06.002
http://doi.org/10.1073/pnas.0308037100
http://doi.org/10.1038/35069058
http://doi.org/10.1002/jsfa.9039
http://doi.org/10.1002/jsfa.2740520315
http://doi.org/10.1021/jf047892x
http://www.ncbi.nlm.nih.gov/pubmed/15826070
http://doi.org/10.1080/14620316.2014.11513104


Int. J. Mol. Sci. 2023, 24, 383 16 of 16

47. Beekwilder, J.; Alvarez-Huerta, M.; Neef, E.; Verstappen, F.W.; Bouwmeester, H.J.; Aharoni, A. Functional characterization of
enzymes forming volatile esters from strawberry and banana. Plant Physiol. 2004, 135, 1865–1878. [CrossRef]

48. Potter, P.M. Carboxylesterases: General detoxifying enzymes. Chem. Biol. Interact. 2016, 259, 327–331.
49. Souleyre, E.J.; Chagne, D.; Chen, X.; Tomes, S.; Turner, R.M.; Wang, M.Y.; Maddumage, R.; Hunt, M.B.; Winz, R.A.;

Wiedow, C.; et al. The AAT1 locus is critical for the biosynthesis of esters contributing to ‘ripe apple’ flavour in ‘Royal Gala’ and
‘Granny Smith’ apples. Plant J. 2014, 78, 903–915. [CrossRef]

50. Schwab, W.; Davidovich-Rikanati, R.; Lewinsohn, E. Biosynthesis of plant-derived flavor compounds. Plant J. 2008, 54, 712–732.
[CrossRef]

51. Jordán, M.J.; Tandon, K.; Shaw, P.E.; Goodner, K.L. Aromatic profile of aqueous banana essence and banana fruit by gas
chromatography-mass spectrometry (GC-MS) and gas chromatography-olfactometry (GC-O). J. Agric. Food Chem. 2001, 49,
4813–4817. [CrossRef]

52. Cumplido-Laso, G.; Medina-Puche, L.; Moyano, E.; Hoffmann, T.; Sinz, Q.; Ring, L.; Studart-Wittkowski, C.; Caballero, J.L.;
Schwab, W.; Muñoz-Blanco, J.; et al. The fruit ripening-related gene FaAAT2 encodes an acyl transferase involved in strawberry
aroma biogenesis. J. Exp. Bot. 2012, 63, 4275–4290. [CrossRef] [PubMed]

53. Sussman, J.L.; Harel, M.; Frolow, F.; Oefner, C.; Goldman, A.; Toker, L.; Silman, I. Atomic structure of acetylcholinesterase from
Torpedo californica: A prototypic acetylcholine-binding protein. Science 1991, 253, 872–879. [CrossRef] [PubMed]

54. Oakeshott, J.G.; Claudianos, C.; Russell, R.J.; Robin, G.C. Carboxyl/cholinesterases: A case study of the evolution of a successful
multigene family. BioEssays 1999, 21, 1031–1042. [CrossRef]

55. Gasteiger, E.; Gattiker, A.; Hoogland, C.; Ivanyi, I.; Appel, R.D.; Bairoch, A. ExPASy: The proteomics server for in-depth protein
knowledge and analysis. Nucleic Acids Res. 2003, 31, 3784–3788. [CrossRef]

56. Li, B.; Dewey, C.N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC
Bioinf. 2011, 12, 323. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1104/pp.104.042580
http://doi.org/10.1111/tpj.12518
http://doi.org/10.1111/j.1365-313X.2008.03446.x
http://doi.org/10.1021/jf010471k
http://doi.org/10.1093/jxb/ers120
http://www.ncbi.nlm.nih.gov/pubmed/22563120
http://doi.org/10.1126/science.1678899
http://www.ncbi.nlm.nih.gov/pubmed/1678899
http://doi.org/10.1002/(SICI)1521-1878(199912)22:1&lt;1031::AID-BIES7&gt;3.0.CO;2-J
http://doi.org/10.1093/nar/gkg563
http://doi.org/10.1186/1471-2105-12-323

	Introduction 
	Results 
	Volatile Esters Are the Basic Aroma Components in Some Fruits 
	Correlation Analysis of Volatile Ester Components and Related Genes Expression during Strawberry Development 
	Identification of Carboxylesterases Involved in the Metabolism of Volatile Ester Compounds in Strawberries 
	Expression Pattern of FaCXEs in Strawberry Fruits 
	Transient Overexpression of FaCXEs in Strawberry Fruit 

	Discussion 
	Materials and Methods 
	Material 
	Preparation and Detection of Fruit Volatile Extracts 
	Bioinformatic Analysis of CXE Genes Family 
	Expression Analysis of CXE Genes 
	Cloning of FaCXE Genes 
	Construction of Prokaryotic Expression Vector and Expression of Recombinant Proteins 
	Construction of Binary Vectors and Transient Overexpression in Strawberry Fruits 

	References

